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Abstract

During the early phase of the COVID-19 pandemic, when SARS-CoV-2 was chiefly reported in
the city of Wuhan, cases exported to other locations were largely predicted using flight travel
data from Wuhan. However, given Wuhan'’s connectivity to other cities in mainland China prior
to the lockdown, there has likely been a substantial risk of exportation of cases from other
Chinese cities. It is likely that many of these exportations remained undetected because early
international case definitions for COVID-19 required a recent travel history from Wuhan. Here,
we combine estimates of prevalence in 18 Chinese cities with estimates of flight volume,
accounting for the effects of travel bans and the timing of Lunar New Year, to approximate the
number of cases exported from cities outside of Wuhan from early December 2019 to late
February 2020. We predict that for every one case from Wuhan exported internationally, there
were approximately 2.9 cases from large Chinese cities exported internationally that likely
remained undetected. Additionally, we predict the number of exported cases in six destinations
for which predictions on exported cases have yet to be made, surveillance has likely been low,
and where health care systems will likely face issues in managing current or potential
outbreaks. We observe heterogeneities in exported case counts across these destinations. The
predicted number of cases exported to Egypt and South Africa exceeds the predicted number of
cases exported to Mauritania. These trends may anticipate differences in the timing and
emergence of local transmission in these countries. Our findings highlight the importance of
setting accurate travel history requirements for case definition guidelines in the initial phase of
an epidemic, and actively updating these guidelines as the epidemic advances.

Introduction

In late December 2019, researchers identified a new coronavirus disease, later named
Coronavirus Disease 2019 (COVID-19), in Wuhan, Hubei Province, China." Rigorous measures
to curtail the spread of COVID-19 including travel restrictions and school and workplace
closures, have largely controlled the outbreak in mainland China.? However, international
exportation of COVID-19 cases before the outbreak was contained in mainland China has been
critical in the global spread of COVID-19,®> which has now become a pandemic. As of 18 March
2020, 191,127 confirmed cases of COVID-19 have been registered worldwide, with 81,116
detected in mainland China and the remainder detected internationally in 156 locations.*

Because the majority of cases in the early phase of the epidemic were reported in Wuhan, early
COVID-19 case definitions and clinical guidelines required individuals suspected of infection to
have had a recent travel history from Wuhan.?* Due to the high travel volume within China in
January for the Lunar New Year Spring Festival, it has been suggested that a significant
number of COVID-19 cases were introduced to other large cities in China before travel
restrictions were instituted on 23 January 2020.5" The restrictive surveillance case definition
used internationally in January suggests that cases of COVID-19 remain potentially undetected
in many countries.
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The potential for introduction of COVID-19 from China to African countries was significant
considering their highly interconnected commercial relationship and daily flight volume to and
from China. Before 1 March 2020, Ethiopian Airlines — a major airline carrier in Africa —
continued operating flights from China to the continent.® More than 600 confirmed cases have
been reported in 34 African countries as of 19 March 2020.° Coverage of COVID-19 diagnostic
and control interventions is expanding yet still limited, and many of these nations may struggle
to adapt to increased demand.'"" In light of these issues, assessing the risk of COVID-19
introduction across countries in Africa is a major public health challenge.

Existing approaches have used historical air connectivity data to estimate risk of importation to
large cities in China®'? and locations outside of China.”"*' Gilbert et al. (2020), meanwhile,
combined travel data with incidence data to estimate the risk of importation from all Chinese
provinces, excluding Hubei, to all African countries.' This analysis, however, used historical
flight data from January 2019, which may not accurately reflect current travel trends, given that
the Lunar New Year occurred in January this year and travel restrictions were in place starting
late January. In addition, by using the reported number of cases and the province’s population
size to estimate incidence in each province, the analysis did not take into account the reliability
of data on reporting rates.

Recent work using flight data has discussed the marked variation in detection capacity for
imported cases across locations and has identified locations that may have undetected imported
cases.'® Further work estimated that only a minority of cases exported from Wuhan were
detected in their destination locations.® These predictions are limited given that 1) a substantial
number of cases have been reported outside of Hubei province and 2) Wuhan Tianhe
International Airport contributes only a fraction of all air-travel volume from mainland China.

Here, we estimate the number of internationally exported cases from mainland China to 16
destinations, and identify countries in Africa with the highest number of potentially
underdetected imported cases. We first estimate daily flight volume from 18 cities in China to 16
international destinations from December 2019 to February 2020. Importantly, our estimates of
flight volume take into account increased travel in early January due to the Lunar New Year
holiday and reduced travel in late January due to travel restrictions. We combine our flight
volume estimates with a measure of prevalence in each province in China to quantify the ratio of
the number of internationally exported cases from Wuhan to the number of internationally
exported cases from other large cities in China.
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Methods

1. Estimating number of airplane passengers from 18 Chinese cities to international
destinations

Data

We define three groups of locations for our analyses: 1) Chinese cities as likely sources of
exported cases; 2) international locations with high surveillance capacity and high air travel
connectivity to Wuhan (used for model calibration); and 3) African locations as destinations
(used for model prediction). For all flight data, in addition to Wuhan, we include as origin
locations (N, =17) the 17 Chinese cities that were previously identified by Lai et al. (2020)" as
high-risk cities for importation of COVID-19 from Wuhan: Beijing, Shanghai, Guangzhou,
Zhengzhou, Tianjin, Hangzhou, Jiaxing, Changsha, Nanjing, Nanchang, Shenzhen, Chongqing,
Chengdu, Hefei, Fuzhou, Xi’an, and Donngguan.

For destinations outside of China, we consider a selection of locations with both high air travel
connectivity to Wuhan and high surveillance capacity (thus ‘high surveillance locations’) for
model validation. We assess surveillance capacity using the Global Health Security (GHS)
Index, in particular its components of “early detection and reporting epidemics of potential
international concern”, published in 2019"". We thus select locations with the highest
connectivity to Wuhan as estimated by Lai et al. (2020)’, and within the top 5% percentile of the
GHS index rank. We additionally include Singapore as it has demonstrated a strong capacity to
identify, trace and document COVID-19 cases'®'®, despite having a relatively low GHS index.
We incorporate N, = 16 total destination locations, which include Singapore, U.S., Australia,
Canada, Korea, UK (and Northern Ireland), Netherlands, Sweden, Germany, and Spain, for
model validation. The cities we select for model prediction are Mauritius, Johannesburg, Nairobi,
Addis Ababa, Cairo, and Casablanca, which are the 6 top destination cities in Africa in terms of
air-travel volume from 18 high-risk cities in mainland China.”

We use data from BlueDot'® on the monthly number of confirmed passengers on flights (direct
and indirect) for each of the N origin-destination pairs, henceforth referred to as air-travel
volume, from December 2018 to February 2019. In addition to air-travel volume, we use data
from Cirium?® on the number of daily departed (and landed) direct passenger flights for each of
the N origin-destination pairs, henceforth referred to as ‘flight departures’, for the period
December 2018 to February 2019, and December 2019 to February 2020.

At the time of writing, data on air-travel volume were not available for the pre-lockdown
epidemic period and total epidemic period, which we considered to be from 8 December 2019
(date of epidemic seeding in Wuhan) to 23 January 2020 and from 8 December 2019 to 28
February 2020, respectively. Historical air-travel volume data are likely not representative of the
epidemic time period for two reasons: 1) Lunar New Year was earlier than in preceding years
(25 January 2020), and 2) large-scale travel bans and flight cancellations took place in late
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January 2020. We therefore combined monthly historical air-travel volume data with recent daily
flight departure data to estimate daily air-travel volume out of cities in China to our destinations
of interest during the total epidemic period, as described in the Supplement.

2. Estimating daily prevalence of COVID-19 in 18 Chinese cities

Daily incidence of new COVID-19 cases per day in each of the Chinese provinces included in
our analysis is sourced from Hay et al. (forthcoming), which combined confirmed case count
data by province, Baidu mobility data?'? from Wuhan to all other provinces, and delay
distributions from infection onset to reporting, in order to map estimated incidence in Wuhan to
other provinces. This method assumes logistic growth of cumulative infection incidence in
Wuhan and both importation of infected individuals and limited local transmission in all other
provinces.

We assume that the prevalence of infected individuals relevant to exportation included
individuals that were infected and not yet symptomatic, and symptomatic but not yet confirmed.
Number of prevalent cases per day from daily incidence for province / at time t is estimated by
summing over individuals who are infected but not yet symptomatic and individuals who are
symptomatic but not yet confirmed as:

Prev()= X 1)1 = F(t=0)+ ¥ E)(1 = G(r=),

where /(x) is the incidence of infections on day x in province /; E(x) is the incidence of symptom
onsets on day x in province I; F(t-x) is cumulative density of the incubation period distribution
(assumed to follow a log normal distribution), giving the probability that an individual infected on
day x becomes symptomatic within t-x days post infection; and G(t-x) is the cumulative density
of the confirmation delay distribution (assumed to follow a gamma distribution), giving the
probability that an individual with symptom onset on day x is confirmed within t-x days post
symptom onset. For each province, we calculate the median number of prevalent cases by day
using 1000 posterior samples of new infections per day estimated by Hay et al. (forthcoming).

Finally, we convert province-level daily number of prevalent cases estimates to city-level daily
number of prevalent cases estimates for the 18 cities of interest by allocating total prevalent
cases in a city’s province entirely to that city. The estimated number of prevalent cases in cities
in our dataset which share a province are set to equal the quotient of the total number of
prevalent cases in the province and the number of cities within it. In so doing, we assume that
individuals in a province are equally likely to go to the specific airports in our analysis. The final
measure of prevalence (as a proportion) is standardized by population size and divided by a
non-Wuhan ascertainment rate of 10.5%, which is equivalent to the estimated ascertainment
rate in Wuhan up to 30 January 2020. We note that this ascertainment rate is likely an
under-estimate for the majority of China, and prevalence estimates under this assumption
therefore represent an upper bound.
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3. Estimating number of exported cases to international destinations

3.1 Model training: Associating flight volume of infected passengers from Wuhan to
observed number of Wuhan-origin cases in validation set locations

We first fit a model to the number of imported COVID-19 cases from Wuhan observed in the
high surveillance locations to determine the relationship between prevalence, air-travel volume
and imported case counts. We use this model fit to subsequently make predictions using data
from Wuhan and the remaining cities in China. The number of observed cumulative cases
imported from Wuhan to destination j is denoted as V- Further, y;‘ =2.5y; denotes the number

of cases that each destination location j, excluding Singapore, could have detected with a

surveillance capacity of Singapore?® (for Singapore y;ZSingapore =i Singapore ). We assume that

across the high surveillance destinations (U.S., Australia, Canada, Korea, UK and Northern
Ireland, Netherlands, Sweden, Germany, Spain, and Singapore), this number follows a Poisson
distribution, as follows:

y]* ~ Poisson(aC,, ;)

Cw’j = Zprevw’l * Vi
t

where C,, . represents the force of exportation from Wuhan to each destination j , which is

calculated as the product of COVID-19 prevalence in Wuhan (prev,, ;) and volume of

passengers from Wuhan to destination j (v, . ) on day t, summed over all days in the

Lwy

pre-lockdown epidemic period. We fit this model in R (version 3.6.1)%.
3.2 Model application: Predicting exported case counts to subset of African countries

The force of exportation of COVID-19 from all selected cities in China to destination j (one of

Mauritius, Johannesburg, Nairobi, Addis Ababa, Cairo, and Casablanca) is computed as:
N+l
Ci=a X Yprev *v,,

t it
where prev,, is the prevalence of COVID-19 in Chinese city i at time , and v, ; is the total
volume of passengers across flights from each origin city i to each of the destinations j at time ¢.
The product of daily passenger volume (v,; ;) and COVID-19 prevalence in city i (prev;, ) is
summed over all days of the total epidemic time period, and over all N, Chinese cities and
Wuhan. We use this force of importation to make predictions for all six African locations.
Further, we compute the 95% prediction interval (Pl) bounds under our model fit to the high
surveillance locations. To do so, we first generate bootstrapped datasets by sampling six
locations with replacement among the six African countries. Second, we re-estimate o using
this bootstrapped dataset. Third, we simulate case counts for all six African prediction locations
under our model using the estimate of o based on the bootstrapped dataset and C; as

described above. These three steps are repeated 50,000 times to generate for each of the
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African locations 50,000 simulated case counts from which the lower and upper Pl bounds
(2.5th and 97.5th percentiles) are computed.

3.3 Ratio of force of exportation from Wuhan versus from the rest of China

To estimate the ratio of expected exported cases from Chinese cities without Wuhan versus
expected exported cases from Wuhan, we computed both the force of exportation from Wuhan (
C,,; , as defined above) and the force of exportation from the 17 Chinese cities, excluding

Wuhan, as follows:

where the product of daily passenger volume (v,;; ) and COVID-19 prevalence in city i (prev;,)

is summed over all days of the total epidemic time period, and over the N, Chinese cities
(excluding Wuhan). The ratio of Cy; and C,, ; gives the ratio of expected cases exported from

outside Wuhan and cases exported from Wuhan. We compute this ratio for three different sets
of locations (j€{high surveillance locations}, j€{African locations}, j&{all locations}), according
to:

Results

1. Estimating number of airplane passengers from 18 Chinese cities to international
destinations

Supplementary Figure 1 shows the estimated daily air-travel volume from each of the 18 airports
in the 18 Chinese cities of our analysis to the 16 international destinations of interest. The
trends in Supplementary Figure 1 illustrate the necessity of adjusting historical flight data to
reflect 1) the earlier Lunar New Year holiday in 2020 and 2) the widespread travel restrictions in
place by late January 2020. Air-travel volume increased in January during the Chunyun holiday
— the 40-day holiday period surrounding Lunar New Year that began on 10 January 2020 this
year. The number of flight departures from 10 January 2020 to 22 January 2020 was
approximately 8% higher than what we would expect based on data from the same time period
in 2019. The sharp decline in air-travel volume after 23 January 2020 is a result of the travel
restrictions and flight cancellations that occurred starting late January; the number of flight
departures 23 January 2020 to 28 February 2020 is approximately 60% less than that of the
same time period in 2019.
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2. Estimating daily prevalence of COVID-19 in 18 Chinese cities

Supplementary Figure 2 presents daily prevalence estimates in 18 Chinese cities from 1
December 2019 to 28 February 2020. Prevalence is estimated to have peaked in all cities
between 24 January 2020 and 28 January 2020. Wuhan has the largest estimated daily
prevalence in the time period, at approximately 1.7x102 on 27 January 2020, representing the
proportion of the population relevant to exportation (that is, infected and not yet symptomatic,
and symptomatic but not yet confirmed). Jiaxing has the second largest estimated daily
prevalence after Wuhan, with a value of 8.4x107 on 28 January 2020. Shanghai and Tianjin
have the lowest daily peak prevalences in the time period, with values of 1.0x10* and 8.7x10°®,
respectively.

3. Estimating number of imported cases to international destinations

3.1 Model training: Associating flight volume of infected passengers from Wuhan to
observed number of Wuhan-origin cases in validation set locations

From our poisson regression, we estimate the scaling factor to be 0.876. The scaling factor, o,

is interpreted as the ratio of the number of observed cases, corrected for low surveillance
relative to Singapore, exported from Wuhan to our list of high-surveillance locations to the flight
volume of infected travelers from Wuhan to those locations. By assumption, the scaling factor
then represents the ratio of the number of actual (but not yet observed, due to lack of testing)
cases exported from other Chinese cities outside of Wuhan to African countries and the flight
volume of infected travelers from other cities in China to these African locations.

3.2 Model application: Predicting exported case counts to subset of African countries

Our model estimates that South Africa and Egypt received the most imported cases (3.0 and
2.5, respectively) from the 18 Chinese cities in our analysis over the period 8 December 2019 to
28 February 2020. We estimate the next highest import count in Kenya (1.3), followed by
Morocco (1.0), Ethiopia (0.8), and Mauritania (0.4). Figure 1A shows the total estimated number
of exported cases to the 6 African countries. Supplementary Table 2 provides bounds to our
estimates based on the bootstrap procedure. The relatively low number of mean cases
estimated to be imported to each of the African countries in our analysis during the total
epidemic period may in part be due to the sharp reduction in air-travel volume starting late
January to these countries (Supplementary Figure 3). Figure 1B illustrates the weekly predicted
number of imported cases in each of the 6 African countries over time. The peak in weekly
number of imported cases coincides for all countries on the week of 19 January 2020, with
similar trajectories of imported cases from the 18 Chinese cities over the study period.

Figure 2 presents the ranking of the 18 Chinese cities in our analysis, ordered by their
contribution to the total exported cases from all origin cities in China, from 8 December 2019 to
20 February 2020 for each of the 6 African countries. The African countries are ordered based
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on the number of imported cases over the total epidemic period. Beijing, Wuhan, Guangzhou,
Chengdu, and Jiaxing, rank among the top three cities in terms of fraction of exported cases
across the 6 African countries in our analysis. In addition to these cities, Shanghai is the leading
contributor of exported cases in Mauritania. Nanchang consistently contributes the lowest share
of exported cases across all countries. This figure highlights the variability in Chinese cities’
contribution to the number of imported cases in African countries.

3.3 Ratio of force of exportation from Wuhan versus from the rest of China

We estimate that for every case from Wuhan exported to the high-surveillance international
destinations, there were approximately 2.9 cases from 17 other large Chinese cities exported
internationally that were likely undetected, due to case definitions requiring a travel history from
Wuhan only. For the subset of African countries this figure was higher at 5.1, suggesting
discordances across destination regions in the relative role of Wuhan in driving total imported
cases from China.
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Figure 1. A. Map of 6 African countries in analysis (Ethiopia, South Africa, Egypt, Mauritania,
Morocco, and Kenya) and the predicted number of imported cases (with 95% Confidence
Intervals) from 18 Chinese cities during the total epidemic period (8 December 2019 to 28
February 2020). B. Weekly number of predicted imported cases from 18 Chinese cities in
analysis to 6 countries in Africa during the total epidemic period.
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Figure 2. Rank of 18 Chinese cities by fraction of all predicted exported COVID-19 cases to
each of the 6 countries in Africa included in our analysis. Countries are ranked from left to right
by the total number of imported cases from 18 Chinese cities from 8 December 2019 to 28
February 2020. The red dot indicates the top Chinese city for the country in terms of predicted
fraction of all exported cases over the time period; green indicates the second top Chinese city;
blue indicates the third top Chinese city; and purple indicates all other cities.

Discussion

This study aimed to make predictions about exported COVID-19 cases from all of China, which
differs from previous predictions in two fundamental ways: 1) instead of estimating risk of
importation,' our model predicts actual number of cases, and importantly does so for countries
on the African continent; and 2) instead of accounting only for travellers from Wuhan,'® we
account for travellers from all major Chinese airports as a potential source population. Using
prevalence estimates of COVID-19 across all Chinese provinces and estimates of passenger
flight volume during the ongoing epidemic, our model predicts that until the end of February (28
February 2020), for every internationally exported case from Wuhan to a high-surveillance
location, approximately 2.9 cases were exported from other cities in China. For the African
countries studied here taken together, the ratio was 5.1. We further predict that before the end
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of February a total of 9 COVID-19 cases from all of China were imported to the six African
destinations. Of those, the highest number was likely exported to Johannesburg, South Africa
(3.0; 95% CI: 0, 7 cases) and Cairo, Egypt (2.5; 95% CI: 0, 6 cases), followed by Nairobi, Kenya
(1.3; 95% CI: 0, 4 cases), Addis Ababa, Ethiopia (0.8; 95% CI: 0, 3 cases), Casablanca,
Morocco (1.0; 95% CI: 0, 3 cases) and Mauritius, Mauritania (0.4; 95% CI: 0, 2 cases) (Figure
1A). The majority of those 9 cases (approximately 71%) have likely been exported between 12
January 2020 and 2 February 2020 (Figure 1B). The probability that a single undetected
introduction leads to sustained local transmission is a relevant question that remains unknown.
Our findings provide an initial framework for approaching these questions.

Recent work has suggested that about 62% of internationally exported COVID-19 cases have
remained undetected, even in high surveillance locations.? Here, we suggest that
underdetection might have been substantially larger because surveillance had focused on
exported cases from Wuhan. Our predictions suggest that for each case exported from Wuhan,
2.9 cases from the rest of China were exported. This would mean that for each imported and
then detected case, 1.8 cases remained undetected due to imperfect detection®, and 7.1
additional cases remained undetected due to surveillance focusing on exportation from Wuhan.
As a result, despite concerted efforts to halt case importation through airports, we expect that
the majority of cases evaded surveillance and may have in part caused the observed
unexpectedly high levels of local transmission. These findings underscore the importance of
appropriate case definitions in efforts to contain an epidemic.

At the time of writing, 18 March 2020, Egypt reports 166 confirmed cases, South Africa 62,
Morocco 38, Kenya 3, Ethiopia 5, and Mauritania 1.* Importantly, by the end of February
(February 28), none of these locations had confirmed any cases, apart from Egypt with one
confirmed case on 14 February 2020.% The other locations detected their first cases on March 2
for Morocco,?® March 5 for South Africa,?® March 13 Ethiopia*” and Kenya®, and March 14
Mauritania.? If our predictions are accurate, then undetected imports of cases already occurred
a month before the first cases were actually confirmed, indicating a serious risk that these
imports have initiated unobserved local transmissions.

Our findings may only partially explain imported case counts in Ethiopia, South Africa, Egypt,
Mauritania, Morocco, and Kenya, as other modes of transport, such as marine travel, or trips
from cities outside of China, could be more significant sources of transmission to these nations.
Furthermore, since 28 February 2020, patterns of travel are likely to have changed appreciably,
due to recently implemented travel restrictions and airline cancellations, and growing
widespread concern, among other factors. The significant decline in flights to African countries
from all the 18 Chinese cities included in our analysis in late January is shown in Supplementary
Figure 3. It is thus essential to regularly update the methods we proposed here with the most
recent connectivity data and to consider a broader range of origin cities and forms of travel.

We provide a framework for incorporating available travel data, accounting for flight trends in the
present climate, and back-calculating prevalence estimates to construct, validate, and test a
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measure of the number of exported cases to a subset of African destination nations. Through
this analysis, we quantified the number of (potentially untested and unknown) cases from a
subset of cities in China to select African countries with high air traffic to and from China from 8
December 2019 to 28 February 2020. This methodology can be applied to other outbreak
settings to estimate the number of exported cases potentially missed due to early restrictive
case definitions. Our findings are relevant to understanding time-to-sustained local transmission
for outbreaks in locations with limited air-travel connectivity to Wuhan, Hubei, and forecasting
future transmission and potential sources of introductions or reintroductions.
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Supplementary Information
Methods

Adjustment of historical flight data

We generate the imputed daily air-travel volume for the epidemic period, taking into account
yearly increases in flight numbers and the impact of travel bans, using two data sources:
monthly air-travel volume data from BlueDot'® from 1 December 2018 to 28 February 2019; and
Cirium?® data on daily landed flight departures from 1 December 2018 to 28 February 2019 and
from 1 December 2019 to 28 February 2020.

First, we use Cirium® data on landed flight departures to estimate the expected change in
air-travel volume from December 2019 to February 2020 relative to December 2018 to February

2019, v,, for each origin airport i as a result of yearly increase in air travel as well as travel bans

implemented in late January 2020 as the following:

Feb2020 N Feb2019 Np

v, = 2 Xf X Xf .

d=Dec2019/=1 ;;  d=Dec2018j=1

where the number of flight departures on day d, f;;, is summed from 1 December 2019 to 28
February 2020 and summed over all destination airports j. This value is divided by the number
of landed flight departures from the same period last year, 1 December 2018 to 28 February
2019, summed over all destination airports j. We sum over all destination airports j instead of

calculating this for each origin-destination connection due to sparse data limitations.

The total number of passengers traveling from origin i to destination j from 1 December 2018 to

28 February 2019, V5 _9,; , is then multiplied by the adjustment factor, v,, to yield an estimate

of the total three-month flight volume for each origin-destination connection, with both increased

annual travel and travel bans in late January taken into account, Vg5,

!’ j—
Va0 =Yi* Visgig)
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Note that, by using data on the number of landed direct flights to adjust air-travel volume, we
make the assumption that the number of direct flight departures is proportional to the number of

passengers from each origin-destination connection.

To estimate the daily distribution of passengers from December 2019 and February 2020, we

distribute the adjusted total air-travel volume, V',y,,,;, across the three-month period into daily

air-travel volume for each day d, using the proportion of daily landed flight departures out of the

total number of daily landed flights in the three month period.

Feb2020 N,

ND
Vi = V'19—20,i,/(zlfd,i FX Xfai) s
=

d=Dec2019 j=1

where v/, is the imputed air-travel volume from origin i to destination jon day d, and f,; is the

number of landed flight departures on day d from origin i. We calculate the proportion of daily
flight departures for each origin i summed over all destinations j instead of calculating this for

each origin-destination connection again due to sparse data limitations.

Since residents of the cities Shenzhen and Dongguan both use the Shenzhen Bao'an
International Airport, we divide the air-travel volume equally between these two cities. Similarly,
the air-travel volume for Hangzhou Xiaoshan International Airport airport is divided equally for
the cities Jiaxing and Hangzhou. Importantly, Cirium data only documents the daily number of
direct flights, but we use this data source 1) to estimate the expected flight volume reduction on
all direct and indirect flights, and 2) to distribute a total three-month volume into daily volume.
We therefore make the assumption that the number of direct flights is proportional to number of

direct and indirect flights.
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Supplementary Figure 1. Estimated daily flight volume from 18 airports in 18 Chinese cities to
16 international destinations from 1 December 2019 to 28 February 2020
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Supplementary Figure 2. Estimated daily prevalence of COVID-19 in 18 Chinese cities from 1
December 2019 to 28 February 2020
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Supplementary Figure 3. Estimated daily flight volume from 18 airports in 18 Chinese cities to
6 African locations from 1 December 2019 to 28 February 2020
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Destination Country Lower Bound Mean predicted number Upper bound
Egypt 0 2.5 6

Ethiopia 0 0.8 3

Kenya 0 1.3 4

Mauritania 0 0.4 2

Morocco 0 1.0 3

South Africa 0 3.0 g

Supplementary Table 1: Predicted exported cases by destination country in Africa, with
95% CI (Lower Bound, Upper Bound)
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